Abstract Displacement spectra of earthquakes recorded by the French accelerometric network at regional scale are modeled as the product of source, propagation (including geometric and anelastic attenuation), and site effects. We use an iterative Gauss-Newton inversion to solve the nonlinear problem and retrieve these different terms. This method is easy to implement because the partial derivatives of the amplitude spectrum with respect to the different parameters have simple analytic forms. After convergence, we linearize the problem around the solution to compute the correlation matrix, which allows us to identify the parameters which are poorly resolved. We analyze data from two tectonically active regions: the Alps and the Pyrenees. Eighty-three earthquakes with local magnitudes between 3.0 and 5.3 are analyzed, with epicentral distances in the range 15-200 km. S-wave displacement spectra are computed using a fast Fourier transform and integration in the 0.5-15-Hz frequency domain. We assume a Brune-type source, with a geometric attenuation of the form R γ , γ being constant, and a frequency-dependent quality factor of the form
Introduction
In regions of low to moderate seismicity, as is the case in France, strong motion prediction is generally based upon extrapolation of weak-motion modeling, with extrapolations implying nonlinear processes (Bay et al., 2005) . Attenuation and site responses are crucial parameters to perform such a prediction. Another important parameter that requires careful determination is the seismic moment. For historical and practical reasons, several magnitude scales are used to characterize small events, based on either record duration, S-wave amplitude, or on the coda decay. Moment magnitudes are now widely used for large events, but their determination for small events still leads to variable results.
In a previous study (Drouet et al., 2005) , we used a twostep linear inversion adapted from Scherbaum and Wyss (1990) to retrieve the source, propagation, and site terms. This method was applied to accelerometric data collected by the Réseau Accélérométrique Permanent (i.e., French Accelerometric Network, RAP) in the French Pyrenees. However, the linearization process required several simplifications in the formalization of the problem, in particular an anelastic attenuation that is not frequency dependent. In addition, this method did not resolve some parameters that are strongly correlated, such as attenuation parameters and corner frequencies, or attenuation parameters and seismic moments.
Several other studies deal with such inversion of source, propagation, and site terms. Some authors used information from one particular frequency to linearize the inversion (Bonilla et al., 1997; Malagnini and Herrmann, 2000) . Frankel et al. (1999) used a nonlinear inversion to retrieve source and site terms after correcting for attenuation using a body-wave geometrical decay and a quality factor adapted to the region under study.
Here, we propose to use a similar Gauss-Newton method to invert simultaneously the different parameters describing propagation, sources, and sites. The problem is nonlinear because of the form of the source excitation and of the frequency-dependent quality factor. Following the classical approach, the amplitude spectra are expressed as a product of source, propagation, and site terms. The Gauss-Newton method starts from an a priori model and explores iteratively the model space, using the partial derivatives of the amplitude spectrum with respect to the different parameters that are computed at each step. In addition, we can compute the correlation matrix, which allows us to estimate the trade-off between the parameters and to identify those that are poorly resolved. We have applied this method to the accelerometric data for two tectonically active regions: the Alps and the Pyrenees. The application to the Pyrenean data will allow us to compare our results with those obtained with the linear method previously used (Drouet et al., 2005) .
The French Context
France is a country of low to moderate seismicity. The strongest earthquakes occur principally in the Rhine Graben, the Alps, the Pyrenees, and the western part of France where only two accelerometers are currently installed. The other regions are characterized by a lower level of activity. 
Simultaneous Inversion of Source Spectra, Attenuation Parameters, and Site Responses
France are low, of the order of a few millimeters per year, as inferred by Global Positioning System (GPS) measurements (Nocquet and Calais, 2003) . However, evidence of strong earthquakes (M ∼6) with large recurrence times is found in the historical seismicity (Lambert and Levret-Albaret, 1996) , and the two regions analyzed in this study were struck by such events in the past. The RAP accelerometric network has been operating in France since 1996. It is managed by several institutions, and the data are freely accessible at www-rap.obs.ujf-grenoble.fr. There are 109 stations now deployed in the French metropolitan territory and another 20 in the Lesser Antilles (Martinique and Guadeloupe). The number of stations has increased since 2000, and a large database of moderate earthquakes is now available.
Several magnitude scales are currently used to characterize the seismicity in France. At the national level, the Réseau National de Surveillance Sismique (RéNaSS) at Strasbourg uses a magnitude scale (M R eNaSS ) based on the maximum amplitude of the vertical component with a specific amplitude decay of the form aΔ b , with Δ the epicentral distance and a, b constants, compatible with Richter's M L scale. The Laboratoire de Détection Géophysique (LDG) of the Atomic Energy Commission has defined another magnitude scale (M LDG ) based on the amplitude of the Lg wave at distances between 100 and 500 km, with a distance correction defined for the whole national territory. Defining an appropriate amplitude decay in order to determine a momentbased magnitude scale is one of the goals of this study.
Numerous studies of crustal attenuation have been conducted in France. Modiano and Hatzfeld (1982) used the high frequency part of Fourier spectra, assuming a source decay as f 2 , to estimate a constant quality factor. Thouvenot (1983) used ray integrals and a depth-dependent quality factor to compute anelastic attenuation for compressional waves. Other authors used the decay of Lg waves at large distance in order to estimate a frequency-dependent quality factor (Nicolas et al., 1982; Campillo et al., 1985; Campillo and Plantet, 1991) , or the decay of coda waves (Herráiz and Mezcua, 1984; Gagnepain-Beyneix, 1987; Eva et al., 1991) , where the single scattering model is used. The different attenuation models obtained for France are summarized in Table 1 . These different studies found Q-values between 100 and 1000, but large values of Q 0 were generally associated with low values for α, suggesting a strong trade-off between these two parameters. Quantifying these correlations between attenuations parameters is also a goal of the present study.
One of the critical factors in the accurate determination of earthquake source parameters and estimation of seismic hazard is detailed information on site response. The actual site classification of the French accelerometric stations is based on geological maps and visual description of sites. According to Steidl et al. (1996) , instruments located on apparently competent bedrock may not be good reference sites with a flat amplitude response in the frequencies of engineering interest. One of the goals of our study is to determine site effects of each individual French accelerometric station and to identify reference stations having a transfer function similar to that expected for a rock site. Reference sites where accelerometric stations are now installed have been used to evaluate local site effects in large cities (Grenoble, Nice) with site-to-reference spectral ratio methods (Semblat et al., 2000; Le Brun et al., 2001) or to assess rock ground motion models (Scherbaum et al., 2004) . The critical assumption in these studies is that the surface-rock-site record (reference) at these stations is equivalent to the input motion at the base of the soil layers, and that these particular rock sites have a flat transfer function. We will assess the validity of this assumption.
Data Selection and Spectrum Computation
Two data sets have been constructed for two regions of France: the Alps and the Pyrenees. For these two regions, the data sets consist of earthquakes with local magnitudes larger than 3 and recorded by at least three RAP stations. This selection results in 55 earthquakes in the Alps and 28 earthquakes in the Pyrenees. Records corresponding to distances between 15 and 200 km are kept. Figure 2 presents the location of the two regions with earthquake epicenters, stations, Modiano and Hatzfeld (1982) 180-350 15-50 Sg Pyrenees Nicolas et al. (1982) 100 to 1000 depending on f 0.8 0.5-16 Pn, SnPg, Sg France Thouvenot (1983) 180 to 1600 depending on depth 0.25 20 for Q 0 10 to 20 for α Pn Alps Gagnepain-Beyneix (1987) 30-142 0.7-1.1 2-40 Coda Pyrenees Eva et al. (1991) 100 to 1000 depending on f 2-16 Coda Alps Campillo et al. (1985) 290 0.5 0. Figure 3 , we plot the recording distances for each station for the two areas. One can see that each station records earthquakes at various distances and that there is no obvious bias of recording distance with magnitude (open triangles are earthquakes with M R eNaSS lower than or equal to 3.5, and black triangles are earthquakes with M R eNaSS greater than 3.5). Table 2 lists the stations and Tables 3 and 4 list the earthquakes that are used in this study.
We compute the Fourier spectrum of each record after removing the linear trend. The spectra are then divided by ω 2 (where ω 2πf, with f the frequency) in order to obtain displacement spectra. The spectra are finally smoothed between 0.5 and 30 Hz. The smoothing is performed by computing the mean value over frequency bands with a constant width in a logarithmic scale in order to lower the level of high-frequency fluctuations in the spectra. The east-west and north-south components are combined in the Fourier domain to obtain a single horizontal component:
In some studies, the root mean square of the two components is used. Depending on the correlation between the eastwest and north-south components, the difference between the two approaches may lead to a systematic difference in the moment magnitude or in the logarithms of the site effect by a factor that does not exceed log 10 2 p .
Noise spectra are computed in the same way as signal spectra, from the beginning of the record to the P-wave arrival time. A minimum signal-to-noise ratio of 3 is imposed at any frequency used in the inversion.
Acceleration waveforms for the east-west and northsouth components of the 8 November 1997 earthquake (number 5 in Table 3 ) at stations SAOF, CALF, and OGCA are shown in Figure 4 , as well as the raw and smoothed displacement spectra for S waves and noise. The displacement spectra of S waves reveal a rather flat level for frequencies greater than approximately 0.4 Hz followed by a decay at high frequency. A strong increase is also observed at very low frequency, owing to division by ω 2 or instrumental noise. However, it is hard to define the high and low frequency asymptotes that define the corner frequency and the seismic moment of the event.
It is important to note that the S-wave spectra depend significantly on the window length that is used to extract the S waves. Authors concerned with attenuation select generally narrow windows around the S arrival (e.g., Castro et al., 2003) , whereas those concerned with site effects use longer windows in order to catch more energy (Seekins et al., 1996; Castro et al., 2004) . We choose to use time windows beginning 1 sec before the Sg arrival with a duration of 5 sec, which seemed to be a good compromise between the need to select mostly Sg waves and exclude the other phases and the need to get enough energy to compute the The number of accelerometric stations that recorded the event is indicated in the column entitled Number, and the distance range Δ min , Δ max is in the last column. Magnitudes LDG and RéNaSS are the two local magnitudes used on the French territory. spectra down to 0.5 Hz. For comparison, the spectra computed with 10-sec time windows are plotted in Figure 4 . Note that the difference in amplitude is due to the normalization by the window length. For the smallest distances, for which almost all the energy is present below 5 sec, a longest window will lead to smallest amplitudes because of the normalization, and this is true at least up to 100 km (see Fig. 4 ). For the largest distances, the difference in amplitude is less pronounced, and we decided to keep the 5-sec window because we do not want to include other phases than the direct S waves in the analysis.
In what follows, we limit the inversion to frequencies lower than 15 Hz in order to avoid the strong attenuation at high frequency due to the shallow subsurface known as the f max effect (Hanks, 1982) . The final data sets consist in 352 spectra for 55 earthquakes and 31 stations for the Alps data set, and 156 spectra for 28 earthquakes and 18 stations for the Pyrenees data set.
Inversion Method
The S-wave displacement spectrum A ij r ij ; f can be written as the product of a source, a propagation, and a station term:
where r ij is the hypocentral distance from earthquake i to station j, and f k is the frequency. We use the far-field displacement spectrum given by Brune's model (Brune, 1970 (Brune, , 1971 :
where M 0 i is the seismic moment, and f c i is the corner frequency of event i. As a minimum distance of a few wavelengths is required for the far-field approximation to be valid (e.g., Aki and Richards, 2002) , the use of frequencies down to 0.5 Hz (i.e., wavelengths up to 5 km) imposes a minimum hypocentral distance of about 15 km. Attenuation involves anelastic decay and geometrical spreading:
where v S is the average S-wave velocity along the path, and
k is the quality factor at frequency f k . Note that the geometrical spreading is allowed to differ from the classical r 1 ij form. S j f k is the site effect at the station j. This term is equal to unity at each frequency in the absence of site effect (rock site conditions). Table 3 ) at the SAOF, CALF, and OGCA stations. The gray box shows the 5-sec time window used to compute the spectra. (b) Raw and smoothed Fourier spectra of the displacement for signal (H) and noise (n) for this event with 5-sec time window. The smoothed Fourier spectra computed using a 10-sec time window are also shown (red lines).
Equation (2) 
s jk log 10 S j f k ;
with R θϕ , the source radiation pattern, assumed to be constant (R θϕ 0:55 for S waves; Boore and Boatwright, 1984) , and ρ and β the density and the S-wave velocity of the medium at the source, respectively (we assume β v S 3:5 km= sec 1 and ρ 2800 kg=m 3 ). The factor 2 in equation (7) accounts for the free surface reflection at the station assuming a quasi-vertical incidence. This is exact for SH and a reasonable approximation for SV (Aki and Richards, 2002) . We have to solve a system of equations where the unknowns are the m 0 i values (related to seismic moment) and the corner frequency f c i for each event i, the site term s jk for each station j and each frequency f k , and the attenuation parameters Q 0 , α, and γ. We use an iterative Gauss-Newton method. Following Tarantola (2004) , the perturbation of the model parameters at each iteration is given by
where m n is the vector composed of the parameters at iteration n and G n is the matrix composed of the partial derivatives of y ijk with respect to the current values of the parameters 
C D and C M are the data and model covariance matrices, respectively, with C D ij σ D 2 i 0:2 2 , where i 1; …; number of data, and C M ij σ M 2 i , where i 1; …; number of parameters and the σ M i are defined at the end of this paragraph, gm n is the vector composed of the y ijk calculated in the current model m n , d obs is the data vector, and finally, m prior is the vector composed of the starting values for the parameters.
Assuming that the parameters follow a Gaussian statistics and that the problem is not strongly nonlinear, we define the a posteriori covariance matrix (Tarantola, 2004) :
from which the correlation matrix is simply deduced by
In addition, we need to remove a degree of freedom by imposing a constraint on the site responses (Boatwright et al., 1991; Field and Jacob, 1995) . As shown by Bonilla et al. (1997) , the mean response of a set of stations located on rock sites is a good reference. Because the stations under study have not been investigated yet, and because the geological map information is heterogeneous, the following method has been used to define our reference condition. A first inversion has been performed assuming that the mean of the whole set of stations is free of site effect at each frequency. We decided then to remove from the set of reference stations those showing amplification peaks or troughs compared to the mean. Then a second inversion was performed using this reference condition. We finally checked on the final results that the stations used in the reference still have a flat transfer function not too far from a theoretical rock-site response.
We define the starting model as follows. We compute m 0 i from the RéNaSS magnitudes using the Hanks and Kanamori (1979) 
and assume f c i 6:5 6, which covers the whole range of corner frequencies considering the magnitude range of the events analyzed, s jk 0 1, and γ 1 0:5. The anelastic attenuation parameters are estimated for each region from Table 1 and from Drouet (2006) as Q 0 300 300 and α 0:5 0:5. Thus, we explore a broad model space, but still the starting values must not be too far from the real values for the linearized inversion to be valid. We checked that the results of the inversion were not dependent on the starting model.
Results

Correlation
Correlation matrices are computed by linearizing the problem around the solution and are shown for the two data sets in Figure 5 . The matrices are symmetric and organized from left to right and from bottom to top as follows: logarithm of seismic moments (columns 1-28 for the Pyrenees and 1-55 for the Alps), logarithm of corner frequencies (columns 29-56 for the Pyrenees and 56-111 for the Alps), attenuation parameters (γ, Q 0 , and α) (columns 57-59 for the Pyrenees and 112-114 for the Alps), and site effects (columns 60-383 for the Pyrenees, 18 stations times 18 frequencies, and columns 115-671 for the Alps, 31 stations times 18 frequencies). The matrices at the bottom of Figure 5 correspond to a zoom on the logarithms of seismic moments, corner frequencies, and attenuation parameters. One can see that the correlation matrix is more complicated for the Pyrenees than for the Alps, but the general conclusions are the same. The attenuation parameters are strongly correlated to each other and are also correlated to the logarithms of seismic moments, which are also correlated to each other. As predicted from the source model, the logarithms of the seismic moments and the corner frequencies are negatively correlated (e.g., Brune, 1970 Brune, , 1971 ; M 0 ∝ f the site effects are only weakly correlated to the other parameters, especially for the Alps, and are correlated to each other in the case of the Pyrenees. We have also computed the model resolution matrices, which are shown for the two data sets on Figure 6 . The trace of the matrix is equal to the number of parameters in both cases, and the offdiagonal elements are small, indicating that the parameters are resolved.
Attenuation
The results for the attenuation parameters are summarized in Table 1 and compared to the results from previous studies. Attenuation in the two regions is relatively different. The geometric attenuation seems to be higher in the Pyrenees (γ 1:2) than in the Alps (γ 1:0), while the anelastic attenuation is higher in the Alps, where the quality factor varies slowly with the frequency according to Qf 322 × f 0:21 , compared to Qf 376 × f 0:46 for the Pyrenees.
The value of γ 1:2 retrieved for the Pyrenees differs slightly from the usual value γ 1 obtained at teleseismic distances, but is comparable to values reported in other regional studies (Atkinson and Mereu, 1992; Malagnini and Herrmann, 2000; Bay et al., 2003; Atkinson, 2004) . This difference is probably due to the attenuation by scattering, which is strong in the Pyrenees (e.g., Gagnepain-Beyneix, 1987) , leading to a geometrical expansion slightly different than the one expected for body waves.
The a posteriori covariance matrix gives a very small standard deviation for attenuation parameters. Tests using different starting models give a more reliable estimation of standard deviation for the inverted parameters that are less than about 5% for γ, and less than 15% for Q 0 and α. The values of Q 0 and α are compatible with previous results for France as shown in Table 1 . The similarity of anelastic attenuation for Lg and Sg waves suggests that the quality factor obtained in both cases is related to shear waves (Campillo et al., 1985) . 
with M 0 in N m. Figure 7 shows moment magnitudes as a function of local magnitudes for all the events, with different symbols for the two regions. The moment magnitudes are compared to the local magnitudes M LDG and M R eNaSS .
The results for the two regions are compatible, and we can define the following relationships: (24) From a theoretical point of view, Deichmann (2006) shows that there should exist a one-to-one relationship between local magnitudes and moment magnitudes, or equivalently that the logarithms of the seismic moment should be proportional to 1.5 times the local magnitudes. However, observed relationships between the logarithms of the seismic moment and the local magnitudes give a slope lower than 1.5 (Deichmann, 2006) . In this study, we find a slope of 1.45 (or 1.42) for the relationship between log 10 M 0 and M LDG (or M R eNaSS ). Concerning the relationship between the logarithms of the corner frequency and the moment magnitudes, theory predicts (Brune, 1970) log 10 f c ∝ 0:5 × M w ; (25) while we find a lower slope of 0:32. This result can be compared to the relation of Drouet et al. (2005) , and Chevrot and Cansi (1996) (Fig. 8) , who find values of 0.25 and 0.35, respectively. Figure 9 shows the relationship between seismic moment and stress drop, which is computed from (Brune, 1970) :
The stress drops are scattered, but most of the values lie between 10 5 and 10 7 Pa (i.e., 1 and 100 bars). One can observe a slight tendency to higher stress drops for higher moments, but as suggested by Ide and Beroza (2001) , this can be an effect of the finite-frequency bandwidth that we analyze. 
Site Effects
The site effects are the most robust results as indicated by their weak correlations to the other parameters. After a first inversion for which the mean logarithm of the site amplification factors over the whole set of stations was constrained to zero, we identify the stations showing site responses that are not flat and affected by large site effects described above and below the average (stations CALF, ESCA, ISOL, MENA, NROC, OGAG, OGAP, OGBL, OGCU, OGDH, OGFB, OGGM, OGMA, OGSR, OGTB, and SAOF in the Alps). A new closure condition was thus defined without those stations. The stations used in the reference are indicated by gray boxes in Figures 10 and 11 . Note that most of these stations are located on rock, according to geological maps, and only four of them are actually classified as sediment: OGPC for the Alps, and PYAS, PYFO, and PYLU for the Pyrenees; those stations are actually investigated. On the other hand, some stations classified as rock sites after geological maps show moderate to high amplifications (CALF, ESCA, ISOL, MENA, OGAG, OGGM, OGMA, and SAOF for the Alps) and thus were not used in the reference. With this new reference condition, the corner frequencies determined for the Alps are found systematically higher than before, while the other parameters are almost unchanged, except the site effects. We checked the influence of removing the stations with the highest and lowest amplitudes for the Pyrenees, but the results were unchanged between the different inversions indicating that there is no bias in the reference condition for this data set.
Site transfer functions for the stations under study are given in Figures 10 and 11 . For the Pyrenees, Drouet et al. (2005) used a linear two-step inversion, assuming a constant quality factor and a grid search for the corner frequency, for computing the site response for the same stations. Their results are superimposed in Figure 11 , showing a good agreement between the two methods. Figure 10 shows that strong site amplifications are found in sediment filled valleys as in Grenoble or Nice (stations OGCU, OGDH, and OGSR for Grenoble, and NROC for Nice, in Fig. 10 ). Significant amplifications can also affect stations identified as rock sites from geological maps and visual description of the sites (see Table 2 , and Figs. 10 and 11). As shown by Steidl et al. (1996) , near-surface weathering and cracking affect the recorded ground motion. Even stations located on rock sites may have significant site effects. Station OGFB has been considered to located on the free surface, while it is actually located in a 500-m-deep borehole. Thus, OGFB site response must be multiplied by a factor of 2 to compensate for this effect. Following Field and Jacob (1995) and Chávez-García et al. (1999) , it is interesting to compare site effects derived from the inversion with those from other methods. Site effects derived from noise horizontal-to-vertical (H/V) (Nakamura, 1989), earthquake H/V (Lermo and Chávez-García, 1993) , or spectral ratios with respect to a reference station, are available for some sites. Figure 12 presents this comparison for station PYLO in the Pyrenees and OGDH in the Alps. For better comparison, we have also inverted vertical component data. The results for the attenuation parameters and the source parameters are very close to those obtained from the horizontal component, but the site effects are different.
At the PYLO site, spectral ratios with reference station as well as H/V ratios were computed for a velocimetric station (CHA) located a few meters away from PYLO by Dubos et al. (2003) . The duration of the time windows they used to compute noise spectra was 30 sec, while for earthquake signals, windows begin at the S-wave arrival time and have a length dependent on magnitude and distance (a few seconds to 40-sec wide). At the OGDH site, the same methods were applied by P. Gueguen (personal comm., 2007) , using also 30-sec time windows to compute noise spectra, and for earthquake data, a window beginning with the S waves and ending when the signal-to-noise ratio was too small. For the PYLO station, we plot on Figure 12 the horizontal site transfer function as well as the ratio between the horizontal and vertical transfer functions determined in this study. For the OGDH station, we plot the ratio between the horizontal transfer functions of stations OGDH and OGMU to be compared to the classical spectral ratio with reference station, and here again the ratio between the horizontal and vertical transfer functions for comparison with H/V methods.
For PYLO, all the methods give similar results with a small increase in amplitude from 1 to 4 Hz followed by a sharp decrease up to 7 Hz. This effect is probably due to topography because station PYLO is installed on the slope of a small hill of outcropping hard rock. At station OGDH, a strong amplification is observed at 2 Hz, except with the H/V noise method. Note the good agreement between the ratios OGDH/OGMU for the resonant frequency of the site effect, and the very good agreement between H/V with earthquake data and the ratio between the horizontal and vertical site responses from our nonlinear inversion. The Grenoble basin is known to have a natural frequency of 0.3 Hz (Le Brun et al., 2001) , which is outside the frequency range we investigated, and the observed resonant frequencies are probably multiples of this frequency or resonance inside superficial layers of sediments. The discrepancy between the results from noise measurement and earthquake data may be due to the fact that earthquake-generated waves produce resonance of the whole basin. Concerning the spectral ratios with reference station, the difference in amplitude can be explained by the longer windows used by P. Gueguen (personal comm., 2007) , which probably include surface waves and therefore more energy.
In light of these results, we can identify stations with a flat response close to 1 and located with no ambiguity on rock according to geological maps (OGCA, OGLE, and OGSI for the Alps; PYAT, PYBE, and PYFE for the Pyrenees). We suggest that those stations are to be used as reference sites for the classical spectral ratio method. Dubos et al., 2003) . Right-hand side: ratio between OGDH and OGMU site responses from nonlinear inversion, solid black line; ratio between horizontal and vertical site responses from nonlinear inversion for station OGDH, dashed-dotted line; spectral ratios with OGMU as a reference, dotted and dashed black lines for east-west and north-south components, respectively; H/Vof noise, dashed gray line; and H/Vof earthquake data, dotted gray line. The last four results are from P. Gueguen (personal comm., 2007) .
Discussion and Conclusions
In order to check the results of the inversion, Figure 13a shows the histogram of the logarithms of amplitudes residuals (difference between the logarithms of observed and modeled amplitudes) for the two data sets. This distribution is close to a Gaussian with a small variance of about 0.2. Our model is thus fitting the data rather well. Figure 13b shows the same residuals but as a function of hypocentral distance. There is no apparent bias with distance in the results, suggesting that assuming a constant γ is a reasonable assumption. Figure 14 shows the acceleration spectra after correction of attenuation and site effects for three events in each region, with different magnitudes, recorded over a wide range of distances, as well as the theoretical acceleration Brune spectra computed using the inverted seismic moments and corner frequencies for each event. The source spectra determined from the different stations are in good agreement, indicating that the Brune's model is adapted and that there is no obvious influence, in this frequency band, of the f max effect (Hanks, 1982) in our data. Path and site effects can thus be used to invert directly for the source parameters, providing a convenient way to compute moment magnitudes, at least for the small to moderate events with sources that are described by the Brune's model.
The a posteriori correlation matrix suggests that (1) there is a strong trade-off between attenuation parameters, (2) this trade-off also affects seismic moments determination, and (3) on the other hand, the site effects are weakly correlated to the other parameters. In order to check the validity of the attenuation models that we derived for the Alps and the Pyrenees, we plot on Figure 15 , for one earthquake in each region and three frequencies, the peak-ground acceleration computed from the filtered waveforms (butterworth filter of order 4), corrected for site effects (black and gray dots for east-west and north-south components, respectively). The black curves show the predicted attenuation using the inverted attenuation parameters γ, Q 0 , and α (see Table 1 ). One has to note that there is no amplitude scaling and that only the shape of the curves is relevant. There is a reasonable agreement between observed and modeled attenuation at each frequency.
The obtained Q-values (Q 0 and α) are compatible with other independent results for France (see Table 1 ). However, a low Q 0 is always counterbalanced by a high α (see, e.g., Gagnepain-Beyneix, 1987) . This illustrates the trade-off between these parameters revealed by the correlation matrix. The shape of the spectra is also influenced by site effects, in particular the f max frequency (Hanks, 1982) . Its effect is limited here because we cut the high-frequency part of the spectra at 15 Hz, but this also probably decreases our ability to resolve Q.
The frequency-independent attenuation (geometrical spreading) is represented by the R γ term. We obtain a value for γ close to one for the Alps, and slightly larger (1.2) for the Pyrenean data. Some weak-motion studies report similar results (Atkinson and Mereu, 1992; Malagnini and Herrmann, 2000; Bay et al., 2003; Atkinson, 2004) . In these studies, the exponent of the geometrical decay is distance dependent to account for the different types of waves present in the signal. In our study, no distance dependence is observed, but our distance range is limited to 15-200 km, and the window used to compute the spectra is such that it mostly includes Sg waves.
Another related problem concerns the influence of the scattering in the regions under study. Gagnepain-Beyneix (1987) analyzed coda waves in the Pyrenees and showed that scattering is the prevailing mechanism of attenuation below 10 Hz. Moreover, the Alps and the Pyrenees seem to show strong spatial dependence of attenuation as indicated by the extinction of Lg waves for trans-Pyrenean and trans-Alpine paths Chazalon et al., 1993) .
Crustal attenuation and amplification have not been taken into account in this study. As shown by Boore and Joy- ner (1997) a velocity gradient from a value of 3500 m=sec in the vicinity of the source-to-rock velocity at the surface produces amplifications. For reasonable values of kappa, and a surface rock velocity of 620 m=sec, the combined effect of both attenuation and amplification peaks between about 2 and 5 Hz with a maximum level of less than 1.8, according to Boore and Joyner (1997) . The surface velocities of rock stations in the Alps and the Pyrenees are still under investigation. Preliminary array measurements performed on some of these stations (e.g., OGMU) indicate a velocity between 1000 and 1500 m=sec (P. Gueguen, personal comm., 2007) . The combined effect of both crustal attenuation and amplification is then difficult to quantify but is probably less than 1.5. The source spectrum obtained in this study are the product of the Brune model and this neglected factor. Because high-frequency level scales with stress drop to the 2=3 power, our obtained corner frequencies and stress drops are then higher than they would be if we had included this factor. Another important result concerns the source characteristics. The Brune-type source model, which assumes a single corner frequency and a f 2 , fall-off seems realistic for the small earthquakes analyzed here. Our moment magnitudes scale with local magnitudes but are systematically lower (Fig. 7) . Table 5 compares different moment magnitude estimations for the larger earthquakes of our data set. They are very close, although the methods used are different. The Eidgenössische Technische Hochschule Zürich (ETHZ), the U.S. Geological Survey, and Rueda and Mezcua (2005) and B. Delouis (personal comm., 2007) use a waveform inversion technique and thus low frequencies compared to our 0.5-15-Hz band.
Finally, we computed stress drops between 10 5 and 10 7 Pa (i.e., 1 and 100 bars), which seem to be slightly dependent on seismic moment, a dependence that has also been observed by several authors (Atkinson, 1993; Kanamori et al., 1993; Abercrombie, 1995; Prejean and Ellsworth, 2001) . Considering the dispersion in our data and recent studies on the influence of limiting the frequency bandwidth (Ide and Beroza, 2001) , and of correlations between source, site, and propagation parameters in stress-drops estimates (Ide et al., 2003) , this dependence could be an artifact. . Acceleration spectra after correction of site and path effects (gray lines) for three events in each region (numbers 41, 48, and Moreover, recent studies have found that large earthquakes have a different behavior, which is probably related to the difference between earthquakes that do affect, and those that do not affect, the whole seismogenic zone (Mai and Beroza, 2000) . However, studies using weak-motion attenuation models to predict moderate events use a scaling of stress drop with magnitude in order to explain the high frequency part of the earthquake spectra (Malagnini et al., 2002; Bay et al., 2005) . Thus, the question of stress-drop scaling with magnitude still needs to be addressed. Our approach also gives us site responses, and is an interesting alternative to other methods, such as the H/V Table 3 , and number 5, Table 4 , respectively). East-west component, black dots; north-south component, gray dots. The black lines correspond to our models of attenuation using the parameters γ, Q 0 , and α from Table 1 , the solid one for the region considered, and the dashed line stands for the other region. Note that only the shape of the curves is relevant because there is no scaling in amplitude. Event 5 in Table 4 3.9 3.6 (B. Delouis, personal comm., 2007) 4.3 Event 14 in Table 4 4.3 4.0 Rueda and Mezcua (2005) 4.3 Event 27 in Table 4 4.5 4.5 Event 55 in Table 3 4.5 4.3 (B. Delouis, personal comm., 2007) 4.1 method and the spectral ratio with a reference station. Site classifications for the building codes are generally based on the average first 30-m S-wave velocity, but as noted by Luzi et al. (2005) , this is probably a rough approximation, and other information is required such as geomorphological conditions or depth of bedrock. The results presented here can probably help to refine the site classification of the French accelerometric stations based on the amplitude or the frequency of amplification observed in the transfer functions. Moreover, Luzi et al. (2005) also show that the transfer functions obtained by generalized inversion contain information on 2D and 3D site effects and thus provide better results than the H/V method in the context of sedimentary basins.
